Abstract (summary)
INTRODUCTION
In the nucleus of eukaryotic cells. DNA exists mainly as linear domains of uniform DNAprotein complexes, the nucleosomes. The most regular central part of the nucleosome is the nucleosome core particle (NCP). which consists of -146-147 bp of DNA wrapped as a 1.75-turn superhelix around a wedge-like octamer of core histories formed by the core-histone protein octamer (1.2). Variable-length double-stranded linker DNA connects the NCPs with each other to form nucleosomal arrays that condense into 30-nm chromatin fibers (3) (4) (5) . Each of the core histories has unstructured, highly basic N-terminal domains called "histone tails" protruding through the DNA superhelix. The structure of the histone tails largely escapes detection by x-ray crystallography and other experimental methods, implying that they are highly flexible and dynamic (1, 6) . The histone tails are essential for maintenance of the higher-order compact folded structures of chromatin and for regulation of transcription and replication (7.8) . These functions of the histone tails are regulated by covalent modifications of the amino acids, which may change the net charge and distribution of the charged groups in the tails (6, 9) .
In vitro evidence suggests that folding of the array of nucleosomes into chromatin fibers to attain a compacted secondary 30-nm structure, as well as further interarray oligomerization into tertiary chromatin structure, occurs through two separate salt-dependent condensations (3) (4) (5) . The fact that the condensed structure of chromatin is induced by high (monovalent) salt and by the presence of divalent ions like Mg^sup 2+^ and Ca^sup 2+^ is indicative of an electrostatic mechanism (10) (11) (12) . Since the basic core histone tails are necessary for both secondary and tertiary condensation (3, 4) , it is generally presumed that they participate in both intra-and interarray nucleosome-nucleosome interactions. A recent study demonstrated a relocation of the H3 tail domain from mainly intranucleosomal interaction within the fully extended nucleosomal array at low salt to primarily intemucleosomal interactions upon the formation of compacted secondary and tertiary structures ( 13) . This suggests that the importance of the tails in chromatin condensation is related to their participation in internucleosome interactions. Furthermore, a recent study demonstrated that all of the different histone tails H2A, H2B. H3. and 114 are involved in the salt-dependent oligomerization of array fibers and that they function independently and additively (14) .
Experiments using mainly small-angle x-ray scattering (as well as osmometry and electrophoretic measurements) have shown that isolated (linker-free) NCPs display aggregation as a result of increased concentration of mono-and divalent salt present in solution (15) (16) (17) (18) . and this compaction seems to be induced by the presence of the charged histone tails, suggested to be due to tail bridging between different particles (15) (16) (17) (18) . In the NCP. -50% of the (-294) negative charge of the DNA poly ion is neutralized by positive charges from the histories. The NCP thus has a net negative charge of about -148. and it can be viewed as a highly negatively charged central particle (-236) having eight flexible positively charged chains with a net charge of +88 protruding from it. The details of the mechanism by which these likecharged particles are able to attract each other and facilitate compaction, possibly mediated by bridging through the basic histone tails, is not fully established. Since isolated NCPs display properties qualitatively similar to those of chromatin fibers in terms of the experimentally observed salt-induced compaction, and are more susceptible to biophysical aggregation studies (15) (16) (17) (18) , this systemis a good starting point for theoretical modeling investigations.
Recently, much attention has been focused on understanding the experimentally observed electrostatic association between negative like-charged biopolyelectrolytes such as DNA, Factin, and filamentous virus particles, induced by the presence of multivalent ions (e.g., Mg^sup 2+^, Ca^sup 2+^, Co(NH^sub 3^)^sub 6^^sup 3+^, and polyamines) (19) (20) (21) (22) (23) (24) , and there are several theoretical approaches to explain this behavior (20) (21) (22) 25, 26) . Like-charged polyelectrolytes would be expected to repel each other on the basis of a simple mean-field Poisson-Boltzmann treatment of the electrostatics. However, it is now well established that fluctuation-induced dynamic correlation of cations shared by different polyanions gives rise to attractive electrostatic force contributions that explain experimental aggregation (25) (26) (27) (28) .
Different colloidal systemsof negatively charged macroion surfaces with attached (or free) positively charged polyelectrolyte chains also show experimental attraction behavior (29) . Such systemshave also been studied with computersimulations and theoretical models (30) (31) (32) . From these studies it is clear that attraction can occur not only due to mobile counterfoil fluctuation but also because of chain bridging of both electrostatic and entropie origin. The entropie bridging is caused by the gain in entropy that the systemincurs by the flexible chains neutralizing not only its own oppositely charged surface, but extending to the charged surfaces of other particles as well. The aggregation behavior of highly negatively charged polyelectrolyte systemsbearing grafted positively charged polyion chains thus exhibits considerable principal similarity with the problem of the condensation of NCPs.
Various coarse-grained models have been used in modeling nucleosomal arrays containing linker DNA (33) (34) (35) (36) (37) (38) (39) . A common feature of these approaches is that the charged flexible histone tails are incorporated either not at all or to a limited extent (in studies by Beard and co-workers (38, 39) , only one static inflexible H3 tail is present) and that salt dependence is treated highly approximately with effective potentials or within a mean-field PoissonBoltzmann Debye-Hückel approximation that does not take ion correlation effects into account. Recently, Sun et al. (40) described an improvement of previous work (36, 38, 39) in their study of the electrostatic mechanism of nucleosomal array folding by computersimulations using an irregular discrete surfacecharge optimization (DiSCO) model of the nucleosome core particle including histone tails. This approximation contains the linker DNA and can thus model chromatin-fiber folding, the salt dependence of which was well borne out by these simulations. However, because the histone-tail charges were fixed and the effects of added salt are described by a Debye-Hückel mean-field Poisson-Boltzmann treatment, entropically induced tail bridging and ion-ion correlation attraction mechanisms are not included. In the work described here, we take an alternative approach in modeling the attraction between isolated (linker-free) NCPs mediated by charged histone tails.
Due to the complexity and enormous scale of a full atomic model of several nucleosome core particles with charged histone tails including solvent water, a simplified model to treat NCP aggregation must be invoked. We use a coarsegrained model in which the NCP is described as a negatively charged sphere with attached positively-charged flexible chains whose length and number of charges mimic the real system (Fig. 1 ). Molecular dynamics (MD) simulations in a dielectric continuum model containing explicit mobile counterions and various amounts of added salt describe the effect of changing experimental conditions. Our simulation results are in agreement with experimentally induced salt dependence of NCP aggregation. They also give insight into the tail-mediated bridging between core particles and are of relevance for the mechanism of secondary and tertiary condensation of nucleosomal arrays. To our knowledge, this is the first theoretical demonstration of nucleosome-nucleosome tail-bridging attraction within a statistical mechanical treatment, which (within the model) gives the equilibrium description (NVT ensemble simulations) for a systemwhose parameters model the NCP, and which explicitly includes all charged mobile particles, taking into account saltdependent ion-ion correlation and flexible charged tails.
To obtain information on the capacity and relevance of histone-tail-mediated DNA-DNA bridging at a detailed molecular level, we complemented the coarse-grained model with full atomic MD simulations with explicit water solvent molecules to study a systemof three ordered DNA oligonucleotides in the presence and absence of the fragment containing amino acids 5-12 of the historic tail H4. which contains three charged Lys^sup +^ amino acids (Fig.  2 a) . We carried out two 30-ns MD simulations for two identical systemswith three DNA oligomers and containing 14 tail fragments, but starting from two different initial configurations (Fig. 2 b) , as well as one 20-ns simulation for a similar systembut with only K+ counterions. without tail fragments. The presence of three DNA 22-mers in the simulation cell allowed direct observation of tail-mediated DNA-DNA contacts. The objective was to add information to the coarse-grained simulations and investigate whether charged lysine residues of such a histone tail fragment could mediate association between DNA molecules, as well as to gain molecular-level insight into this mechanism. The results of the MD simulations do indeed demonstrate histone tail bridging interactions and aggregation of DNA molecules at the molecular level. The distance between charged groups of the histone tails (7 [Angstrom]) was evaluated assuming extended conformation of the polypeptide chain and even distribution of Lys^sup +^/Arg^sup +^ amino acids. The number of charged groups in each tail was set according to the charges of the real histone tails: H2A, +9; H2B, +12; H3. +13; H4, +10. We used amino acid sequences from Hansen et al. (41) and considered the amino group of the N-terminal protonated (+1). The total charge of histone tails was +88, which, with the charge of the central unit, yielded a total charge of NCP -148.
The introduced coarse-grained model represents an "idealized symmetrical" approximation of the real structure of the NCP determined by x-ray crystallography (1,6,46) (see Fig. 2 of Wolfe and Hayes (46)). The distance from the first charged group of the tails to the center of the core was set to 55 A for all tails. Points of exits for the four histone tails (Fig. 3) which protrude through the gears of the DNA superhelix in the real NCP, were set in the x,y plane (z = 0) with 90° between them. The exit points of the H4/1 and H4/2 histone tails were placed 25 [Angstrom] below and above the x,y plane, opposite to each other and perpendicular to the dyad axis (Fig. 3) . Finally, the H2A/1 and H2A/2 tails exit the core particle 25 [Angstrom] below and above the x,y-plane and are positioned between the H2B/1 and H2B/2 tails.
The constant-temperature molecular dynamics algorithm implementing the Nése-Hoover thermostat (47) , with temperature 300 K and relaxation time 2 ps, was used in the simulations. Since the solvent is not included explicitly, the molecular dynamics should be considered as a tool to generate the canonical (NVT) ensemble, producing the same kind of results as the Monte Carlo simulations. For strongly charged polyeleclrolyte systemssuch as those considered here, the molecular dynamics is a more efficient way to sample the configuration space compared to the Monte Carlo algorithm. In the last decades, constanttemperature molecular dynamics with thermostats of different kinds was often used in polyelectrolyte and other coarse-grained simulations (48-51).
The dynamics in such simulations is artificially accelerated and may be qualitatively reconstructed by scaling the time with some factor. In this work, we do not evaluate this factor and refer to time as it appears in the molecular dynamics equations. For equilibrium canonical properties, the Nése-Hoover molecular dynamics provides correct results. Trajectories for analysis were collected after each 1000 time steps (10 ps). Averages were calculated for the last 25% of the trajectories after achieving convergence in the NCP-NCP radial distribution functions (RDF).
All-atom explicit solvent MD simulation of DNA and histone H4 tail fragments Three all-atom molecular dynamics simulations were performed in a hexagonal cell containing 9430 water molecules and three 22-base pair B-DNA oligomers with the sequence 5'-d(GATGCAGTCACCGCGAATTGG-C)-5'-d(GCCAATTCGCGGTGACTGCATC). Two systems, in addition to DNA and water, contained 14 fragments of the histone H4 (amino acids 5-12, charge +3, Fig. 2 a) and 84 K+ cations. They were simulated for 30 ns. The three simulated systemsare abbreviated below as Tail-1, No-Tail, and Tail-2. The "No-Tail" systemcontained 126 K+ ions to neutralize the DNA charge. It was simulated for 20 ns. The difference between the Tail-1 and Tail-2 systemswas in the initial positions of the DNA 22-mers and the histone fragments. In the Tail-1 system, the initial distance between axes of DNA was 34.6 [Angstrom], with histone tail fragments distributed between the DNA molecules ( Fig. 2 b, left) . In the No-Tail simulation, the oligomers were put in the same initial positions as in the Tail-1 system, but no tail fragments were present (Fig. 2 b, middle) . In the Tail-2 system, the initial DNA-DNA distance was 22.5 [Angstrom] , with the tail fragments placed around the "bunch" of the three DNA oligomers (Fig. 2 b, right) We used the CHARMM27 force field (53,54) with the flexible simple-point-charge (SPC) model of water (55) and K+ model from Heinzinger (56) . The simulation software was the MDynaMix package (57) . Unlike our earlier MD simulations, where we applied "boundary" conditions along the z axis (58, 59) , in this work DNA oligomers were free to move. The Nose-Hoover thermostat and barostat (47) were used in all the simulations to keep the temperature at 300 K and the pressure at 1 atm. The pressure was controlled separately in all directions. We implemented a double-time-step algorithm (60) . with a short time step of 0. Trajectories were collected with a 0.1-ps time step. Analysis of the MD trajectories was carried out using procedures of the MDynaMix package (57) with a number of additional scripts. To describe DNA-DNA correlations in the simulation cell, we define the distance between the DNA oligomers as the calculated shortest distance for a given point of the DNA axis to the axis of the other DNA The program Curve5 (61) was used to calculate the coordinates of the DNA axes at any moment of the simulation. For each DNA. an array of 65 axis points was calculated with the central 50 points used to determine the distance to the axes of the other two DNAs. All possible pairs of the DNA were scanned. Note that for the hexagonal cell, the distance for perfectly aligned rods is equal to the length of the hexagon side, which fluctuated in the range [37] [38] [39] [40] [41] [42] [Angstrom] during the course of simulations (see Fig. 6 ). More information about other aspects of the MD simulation setup can be found in previous works (58, 59, (62) (63) (64) .
RESULTS
MD simulations of a coarse-grained model show NCP condensation mediated by saltdependent tail-bridging interactions Fig. 4 displays snapshots at the end of the simulations in the four systems(Stilt Free, Low Salt, Normal Salt, and Mg Salt). Inspection of the trajectories shows that in the beginning of the simulation, the historic tails rapidly collapsed onto their own cores. The mobile cations quickly diffused and associated to the cores. Exchange of mobile cations between the close vicinity of the NCPs and bulk solution, as well as motion of the tails on the negative surface, is rapid compared to the mobility of the core particles. Movement of the NCP particles is the slowest process in the system. However, in all the systems, after ~5 × 10^sup 6^ steps (50 ns), the NCP-NCP distribution was stabilixed. This observation is supported by analysis of the NCP-NCP RDFs taken at different stages of the simulations (data not shown), and by a change in magnitude of the maximum in the RDFs of the histone tails relative to the external cores (see Fig. 5 b, inset).
In the Salt Free and Low Salt systems, the NCPs repel each other and only rarely form associates consisting of two to three particles. In the Normal Salt system, groups of two to five particles are more stable and usually form "lines." In the Normal Salt system, we observed slow exchange of the NCPs between aggregates is observed, often seen as a shortdistance shift of an NCP from one aggregate to another. Movement of the NCPs in the Mg Salt systemis seen as a continuous formation of a single big aggregate that includes all the NCPs. It is tunned after ~100 ns of simulation and remains stable for the rest of the simulation time (with slow movements of the NCPs relative to each other and occasional dissociation of one of the particles).
In Fig. 5 , RDFs calculated from the final 25 ns are presented. Pronounced maxima are observed in the NCP-NCP RDF (Fig. 5 a) for the Normal Salt and Mg Salt systemsat a distance that only slightly exceeds direct contact between NCPs. whereas no NCP-NCP contacts are seen in the Salt Free and Low Salt systems. Furthermore, aggregation of the NCPs proceeds to a different extent in the Normal Salt and Mg Salt systems. The intensity of the first maximum in the RDF of the Mg Salt systemexceeds by almost twice the same peak of the Normal Salt system. (Fig. 4) and the intermolecular RDFs (Fig. 5 b) show that the NCP aggregates are maintained by cross-linking. On the other hand, no cross-linking occurs in the Salt Free and Low Salt systems.
Observation of the trajectories and comparison of intramolecular RDFs (Fig. 5 c) reveal that the tails relocate from association with the "host" particle and become associated to the neighboring nucleosome only after NCPs approach each other: i.e., the tails remain close to the host core in isolated nonaggregated NCPs at all salt conditions. In the initial stages of the simulations, intramolecular RDFs of the tails in the Mg Salt and Normal Salt systemsare similar to those of the Salt Free and Low Salt systems(not shown). A noticeable presence of the tail outside its own particle at a distance >57 [Angstrom] in the intramolecular RDF (Fig.  5 c, arrow) appears only after NCPs come in contact and form aggregates. The peak at 55 [Angstrom] corresponds to the particles closest to the negative sphere, whose movement is restricted by bonds.
The mobile cations (K+ and Mg^sup 2+^) accumulate near the negative surface of the NCPs (Fig. 5 d) . When stable contacts between the NCPs are formed, most of the cations are gathered inside the condensed phase and there is a drop in concentration of the cations between bulk and NCP aggregates (Fig. 5 d, inset, arrow) . Interaction of oligocationic tails with chlorine anions is reduced due to the confinement of the tails in the area of negative electrostatic field from the central particle. Although some accumulation of Cl^sup -^ ions is seen in the vicinity of the tails, the intensities of the maxima in the corresponding RDFs are lower than those of the K+-Cl^sup -^-and Mg^sup 2+^-Cl^sup -^ RDFs (data not shown).
The results are in excellent agreement with experimental data. Berlin et al. (17) The authors of the cited works argue that increase of the salt concentration above 50 mM leads to the dissociation of the tails from the NCPs, making them capable of bridging with other NCP particles. The concentration of the NCPs in solutions studied by Livolant and coworkers was substantial (~2 mM or higher in DNA phosphates) (18) and it is reasonable to assume that most of the NCPs were present in the form of "loose" dynamic aggregates with the "maximal tail extension" measured by small-angle x-ray scattering corresponding to the length of the tail domains acting as bridges in the NCP aggregates. The steep increase from 0 to [16] [17] [18] [19] [20] [21] [22] [23] [24] [Angstrom] of the tail extension with increase of NaCl from O to 50 mM reported in Berlin et al. (17) and Mangenot et al. (18) would correspond to dissociation from the core of relatively short tail fragments (carrying two to four Lys^sup +^/Arg^sup +^ charges) and is in agreement with our simulation results (tail RDFs shown in Fig. 5, b and c) . We conclude that formation of the NCP aggregates becomes possible when salt conditions allow the existence of a sizeable population of partially dissociated histone tails (i.e., short fragments of tails carrying charge +2-+4). These fragments are sufficient to span the distance between DNA of the neighboring NCPs, as demonstrated by the all-atom MD simulations reported below.
All-atom MD simulations demonstrate histone tail bridging between DNA molecules
In all three simulated systems, NoTail, Tail-1, and Tail-2, DNA preserves the B-form in all features of its structure (base geometry, sugar puckering, torsions, and groove width and depth), with sequence-specific variation and dynamics consistent with the results of most MD studies on B-DNA oligomers reported in the literature (data not shown). A wealth of information is obtained from analysis of the trajeetories collected in the all-atom MD simulations. In forthcoming work, more detailed presentation and analysis of the data on DNA hydration and interaction with ions and tails, as well as dynamics of the DNA structure, will be given. The present work concentrates on the description of DNA-DNA interaction and the participation of the historic tail fragments in bridging the neighboring DNA oligomers.
Diffusion parameters (diffusion coefficient, D, and center-of-mass displacement, [left angle bracket]R[right angle bracket]) of the DNA 22-mer, H4 tail fragments, and K+ were determined for different periods of the simulations, using 5-ns (Tail-1 and Tail-2) and 4-ns (NoTail) windows. Data on diffusion are presented in Table 1 . Although the simulation time is too short to obtain quantitatively reliable diffusion coefficients for DNA, the monitoring of this dynamic parameter gives an indication of how the presence of tails affects DNA. The presence of the histone tail fragments leads to a substantial reduction in mobility of the DNA oligomers. The diffusion coefficient of DNA is about two times lower in the Tail-1 and Tail-2 , and there is a large number of them present (14 molecules) for interaction with three different DNA molecules, which improves the statistics. Thus, the ability of tails to induce various DNA-DNA contacts should be adequate. Furthermore, the simulation of two systemswith very different initial positioning of the tails relative to DNA, to a certain extent enables testing of the effectiveness of tail presence for inducing DNA-DNA interactions.
It is important that the ion distribution is converged to have a reliable description of the electrostatic interactions (65, 66) . On the average, each K+ ion travels~100 [Angstrom] during the simulation time in all the systems. Recently Varnai and Zakrzewska demonstrated that for a single oligonucleotide systemof smaller volume than ours ( 180 m^sup 3^ compared to 330 nm^sup 3^), potassium ions sampled >90% of the MD simulation box volume after 10 ns (65), indicating that the present simulation time of 30 ns should be satisfactory in this respect.
In Fig. 6 , we compare the No-Tail systemwith the Tail-1 and Tail-2 systemswith respect to the averaged distance between axes of pairs of DNA molecules in the simulation cell (the calculation of which is defined in Computational Methods) taken with 4-ns (No-Tail) and 5-ns (Tail-1 and Tail-2) windows. In the presence of tails, the most populated DNA-DNA distances are in the range 24-34 [Angstrom] (Fig. 6 middle, right) . On the other hand, without tails the distribution is shifted to larger distances around 33-48 [Angstrom] (Fig. 6 left) . The systemwithout tails thus expands and tends to distribute the DNA as far as possible from each other close to the "ideal" packing of ~40 [Angstrom] .
Although the curves show some structure, due to the short time of averaging, the range of DNA-DNA distances is similar for the Tail-1 and Tail-2 systems. This demonstrates that despite the different initial positioning of DNA and tails in Tail-1 and Tail-2, there is a statistical appearance of close association of DNA oligonucleotides when the prehistory of the "abnormal" Tail-2 starting configuration should have relaxed. In the No-Tail system, DNA oligomers repel each other. After the release of DNA molecules in the beginning of the MD run, the oligonucleotides sample distances larger than the initial separation of 34 [Angstrom] . The prehistory of the Tail-2 systemmakes it less mobile compared to the Tail-1 system. However, after ~10 ns, we observe that in both systems, DNA-DNA distances varies in the same region, between 22 and 38 [Angstrom] .
The difference in DNA-DNA interaction is also very clearly demonstrated in the snapshots of the three DNA molecules in the simulation cell for the cases of the No-Tail and Tail-1 systemsin Fig. 7 . In Fig. 7 a, a snapshot of close DNA-DNA association from the Tail-1 systemtaken at t = 21.92 ns is shown. Close association at the upper parts of all three DNA oligomers mediated by histone tails is visible. For comparison a similar snapshot for the NoTail (t = 16.00 ns) systemis shown in Fig. 7 b. For this configuration, one of the three DNA molecules is somewhat tilted compared to the other two. In the Tail-1 systema total of six histone fragments (with four of them inside "the three-DNA bundle") are located in the region of close DNA-DNA approach, thus reducing the repulsion and forming DNA-DNA bridges.
Next we investigate whether correlation exists between DNA-DNA distance and association of cations to areas of close DNA-DNA contacts (Fig. 8) . For this purpose, we use a kind of three-dimensional distribution function. The cation density (K or NZ atom of Lys) is calculated as a function of DNA-DNA separation (ordinate in Fig. 8 ) and the distance of the charged group to the middle point connecting DNA axes at the location of the closest DNA-DNA distance. This approach is similar to the method used by Hamelberg et al. (67) and in our earlier work (64) to describe correlations between cation binding and the width of the minor groove of DNA. The data comparing the No-Tail and the Tail-1 systems, which had the same starting positions of DNA, clearly shows that in the presence of tails, cations tend to accumulate with a preference for configurations of close contact between DNA molecules. The maxima of the tail NZ^sup +^ atom distribution is correlated with positions for which there is high probability of short DNA-DNA axis distance. This demonstrates the statistical effect of how the presence of tails is related to close DNA-DNA contacts. We also see that the potassium counterion distribution is more spread out in the Tail-1 system, indicating the replacement of K+ counterions at electronegative sites close to DNA by the charged tail groups. The average distance distribution data for the Tail-2 systemis similar to that of the Tail-1 systemand shows that the result is not heavily dependent on initial positions of DNA and tails. Clear correlation between association of Lys^sup +^ residues and close DNA-DNA distances also can be seen from the three-dimensional distribution of NZ atoms averaged over shorter (5-ns) time periods at the end of the 30-ns simulation runs (data not shown).
Close DNA-DNA contacts correlate with positioning of charged tail groups. When there is a space between the DNA double helices (at a distance >30 [Angstrom]), Lysine^sup +^ residues prefer to stay directly between the contacting DNA molecules (see peaks at x = 0 in Fig. 8, b and c) . When the DNA-DNA contacts are so close that there is insertion of sugarphosphate backbone of one DNA into the groove of the other DNA, the tails mediate interaction by binding to the electronegative sites of both DNA molecules, which are in close proximity (see NZ^sup +^ peak in Fig. 8 b at DNA-DNA distance ~27 [Angstrom] and x = 5-10 [Angstrom]). This configuration is observed in the Tail-1 systemand is also illustrated by the snapshot in Fig. 7 a. Generally, the MD results show that the historic tail fragments interact with DNA in a dynamic manner. It is hardly possible to identify well-defined structures even for the most frequently observed tail-DNA contacts. Some few events of long-lived (several nanoseconds) contact of the charged amino group of Lys^sup +^ with DNA were recorded (the longest contact. 7.5 ns, was with one O4* atom). This dynamic picture is in agreement with NMR studies of NCP solutions showing that the tails are very mobile (68.69).
DISCUSSION
The simulations described here clearly demonstrate electrostatically salt-induced condensation of NCPs mediated by tail bridging for isolated (linker-free) NCP within a computersimulation model based on a coarse-grained electrostatic continuum description containing the NCP modeled as a charged sphere, mobile counterions. and flexible charged tails. The model contains several approximations, necessitated by the complexity of the system. The continuum description of solvent water has the effect of neglecting solventmediated effects, but is consistent within the level of a coarse-grained model. Solvent hydration of charged ions is approximately accounted for by an effective ion diameter. The core panicle shape is approximated by a sphere, whereas the real NCP is more in the form of a flat cylinder, and thus excluded volume and packing effects are approximate in this respect. Furthermore, the NCP electrostatic potential is described by a charged sphere (In the simulations it is introduced by a fixed point charge at the center of the sphere, but due to Gauss' law, this potential is the same as that generated by a sphere with a surface charge density equivalent to that of the point charge.) This description is based on the rationale of using a model for which the electrostatic problem can be solved without further approximations and with a method (Nose-Hoover NVT ensemble simulations) that generates the convct (within that model) equilibrium properties. In this way, we incorporate attractive ion-ion correlation effects due to fluctuations in the ion cloud and the attractive entropie and energetic tail bridging. We believe that these two physical mechanisms are absolutely crucial in the description of NCP interactions, because it is well established that for polyelectrolytes in general and for DNA in particular, fluctuation-induced dynamic correlation of cations shared by different polyanions gives rise to attractive electrostatic force contributions that explain experimental aggregation (27, 28, 70) . The effect is more pronounced in the presence of multivalent ions. Thus, any model of the aggregation of NCPs, where the high negative charge originates from the DNA wrapped around the histone core, particularly in the presence of divalent ions, should incorporate this mechanism. Furthermore, experimental data on isolated (linker-free) NCPs show that maximal extension of the tails at high salt coincides with the emergence of attraction between the particles (16, 18) . In addition, experimental results on nucleosomal arrays indicate that tails relocate from mainly intranucleosome interaction with their own core particle in the extended array at low salt, to primarily bridging-like internucleosomal interactions upon formation of condensed secondary and tertiary chromatin aggregates (13, 71) . To describe such a physical mechanism, a model with flexible charged tails is necessary. Very recently, a related coarse-grained MD simulation model was published, which described tail-bridging attraction between two charged spherical NCPs with grafted charged flexible tails (but within a Debye-Huckel model for the effects of salt) (72) .
The present model is mainly relevant for comparison with and interpretation of experimentally monovalent salt-induced aggregation of isolated (linker-free) NCPs (15) and the agreement of the results with data such as those described above is encouraging, indicating that the main mechanism of this aggregation is captured in the simulations. For the systemcontaining isolated nucleosome core particles and Mg^sup 2+^ ions, data available in the literature (15) agree with the simulations. The ability of divalent cations at millimolar concentration to promote compaction of nucleosomal arrays is well established (4) and this study gives physical insight relevant to these results. Even though linkers are absent in the model, similar tail bridging may be present in nucleosomal arrays. Furthermore, the interarray oligomerization of different arrays where nucleosomes are already condensed is expected to be dominated by the nucleosome-nucleosome interactions, since linkers have already adjusted in the folding of array monomers. The recent works (13, 14) performed on nucleosomal arrays are in accordance with the present theoretical picture of tail-mediated nucleosomal interactions. Gordon et al. (14) demonstrated the independent (with some exceptions for the H4 tail) and additive (related to the charge on the tails) character of the Mg^sup 2+^-induced chromatin interarray oligomerization. Using radiolabeled H3 tails, Zheng et al. (13) showed by ultraviolet cross-linking in low to moderate monovalent salt, where the nucleosomal array is extended, that the tails are associated with the DNA of their own nucleosome core, whereas upon formation of condensed secondary and tertiary arrays compacted by addition of Mg^sup 2+^, the tails interact with the DNA of the other nucleosomes.
All-atom MD simulations of three DNA oligonucleotides with and without the presence of a histone H4 tail fragment with charge +3 demonstrated a bridging association of DNA induced by the tail peptide fragments and participation of the positive lysine side chains. The systemof close DNA molecules with charged tail-peptide fragments between them should have some bearing on the possible bridging events that can take place in real aggregated NCPs. The separation of ~33-35 [Angstrom] between DNA of different nucleosomes in the recently solved x-ray structure of an NCP tetramer (including linker DNA) (73) , indicates that the distance range captured in DNA association events of our simulations is realistic. Furthermore, a recent structural investigation, using small-angle x-ray scattering of compacted DNA in the presence of polylysine, showed a lattice spacing of 30.4 [Angstrom] between DNA molecules (74) , which is in good agreement with the distribution of average DNA-DNA distances observed in the MD simulations.
Future comparison of MD simulations for unmodified and modified tails mimicking reduced positive charge corresponding to transcriptionally active states of chromatin, could help in understanding the physical basis and molecular mechanisms behind epigenetic control of transcriptional regulation.
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